by genetic models, showing that a defective core clock will lead to, among others, obesity. 14 In addition, levels of immune cells and pro-inflammatory cytokines show daily fluctuations, 15 and functionality of the immune system has been linked to the biological clock. 16, 17 Consequently, disturbed biological clock function may contribute to atherosclerosis risk through the development of dyslipidemia and a pro-inflammatory state. The aim of the present study was to investigate whether circadian disruption through modeled shift work affects atherosclerosis development and elucidate underlying mechanisms.
| MATERIALS AND METHODS

| Experimental animals
Mice heterozygous for the APOE*3-Leiden gene were crossbred with mice homozygously expressing human cholesteryl ester transfer protein (CETP) to yield heterozygous APOE*3-Leiden.CETP transgenic mice, 18 a mouse model with a human-like lipoprotein metabolism. 19 Female APOE*3-Leiden.CETP mice of 8-to 12-week old were fed ad libitum with a Western-type diet (WTD) containing 15% fat from cocoa butter, 1% fat from corn oil (diet T, Altromin), enriched with 0.1% cholesterol. During a run-in period of 3 weeks, mice were housed under standard 12 h:12 h light:dark (LD) conditions. Afterward, mice were divided over the experimental conditions by stratified randomization, to ensure similar fasting plasma total cholesterol, body weight, and age in all groups at baseline. Mice were subjected to either a regular light-dark cycle (LD), a 6 hours phase advance every week (advance), a 6 hours phase delay every week (delay), or weekly alternating light-dark cycles (12 hours shifts; LD-DL) for the total duration of 15 weeks (n = 15/group). We subjected another batch of mice to either regular LD or LD-DL (n = 34/ group) for 10 weeks to gain more insight in immune cell populations and monocyte function, and to measure oxidative stress and inflammatory markers in the aortic root. exposed to alternating light-dark cycles without obvious changes in plasma lipids, suggesting involvement of the immune system. Moreover, while no changes in the number or activation status of circulating monocytes and other immune cells were observed, we identified increased markers for inflammation, oxidative stress, and chemoattraction in the vessel wall. Altogether, this is the first study to show that circadian disruption by shifting light-dark cycles directly aggravates atherosclerosis development.
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After this period, mice were killed by CO 2 inhalation and organs were collected for further analysis. Mice were group-housed at 21°C in clear plastic cages (n = 3-5/cage), placed in light-tight cabinets fitted with diffuse white fluorescent light. The light intensity was verified in the animal gaze direction with an AvaSpec 2048-SPU (Avantus BV) light meter. The spectral power distribution of the light source is shown in Figure S1 . All mouse experiments were performed in accordance with the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals after having received approval from the Central Animal Experiments Committee ("Centrale Commissie Dierproeven").
For all methods of analysis used in these studies, an expanded Materials and Methods section is available in the Supporting Information, which includes information on plasma lipid measurements, behavioral analysis, histological and immunohistochemical analysis, flow cytometry, monocyte characterization and migration, and gene expression analysis.
| Statistical analysis
All data are expressed as means ± SEM. Statistical analysis was performed using GraphPad Prism (version 7.02). Means were compared using two-tailed unpaired Student's t test, one-way ANOVA, or two-way ANOVA followed by Dunnett's post hoc test where appropriate. When measurements were taken over time, comparisons were made using repeated measurement ANOVA, or mixed models ANOVA in case of missing values. Pearson correlation analysis was performed to examine potential linear relationships between variables. To determine the timing of the maximum in the oscillations of circulating leukocytes and plasma cholesterol, a fitting function (cosinor method) with a 24-hours period was applied, 20 and the obtained acrophase and corresponding P-values are reported. Differences between groups were considered statistically significant if P < .05 (*), P < .01 (**), or P < .001 (***).
| RESULTS
| Weekly light shifts increase atherosclerosis development
APOE*3-Leiden.CETP mice, a well-established mouse model for human lipoprotein metabolism and atherosclerosis, were subjected to weekly shifts in the light-dark cycle to disrupt circadian rhythm, as illustrated by actograms in Figure  1A . Behavioral analysis of activity rhythms was performed to evaluate rhythm strength per day. Particularly, the LD-DL group, which was subjected to 12 hours shifts in light-dark cycle, demonstrated circadian disruption following a shift in light-dark cycle, while weekly 6 hours phase advances and phase delays had a relatively mild effect on activity rhythms ( Figure S2 ). After 15 weeks of light schedule interventions, we measured atherosclerosis development in the aortic root area. The LD-DL group displayed a striking increase in atherosclerotic lesion area throughout the aortic root ( Figure  1B ,C), resulting in an almost twofold increased mean atherosclerotic lesion area ( Figure 1D ). Mice exposed to phase advances and delays did not show a significant increase in atherosclerosis development. The increased plaque size in the LD-DL group was accompanied by a shift in plaque severity, as LD-DL mice displayed a 47% decrease in mild lesions (types I-III) and a 117% increase in severe lesions (types IV-V) compared with controls ( Figure 1E ). The increased atherosclerotic lesion area in LD-DL mice could also be observed in the whole aorta ( Figure S3 ), although lesion development was much more pronounced in the aortic root.
Next, we evaluated whether weekly light shifts aggravated atherosclerosis development through changes in energy status or lipid metabolism. During the first 3 weeks of the study, weekly phase delays and alternating light-dark cycles mildly reduced food intake ( Figure S4A ), however, this difference did not persist throughout the study. Body weight did not differ between experimental groups throughout the whole study ( Figure S4B ). Total unfasted plasma cholesterol was also similar between the groups at all time points measured ( Figure S4C ), resulting in an equal total cholesterol exposure in all groups ( Figure 1F Figure  1G ), non-HDL-cholesterol ( Figure 1H ) and HDL-cholesterol ( Figure 1I ), and the weight of metabolic organs (liver, interscapular brown adipose tissue [iBAT], and gonadal white adipose tissue [gWAT]; Figure S4D ) were the same in all experimental groups.
| Weekly light shifts increase lesion macrophages, but do not increase monocyte activation or ex vivo migration
To further identify what caused the aggravated atherosclerosis development in mice exposed to weekly shifts in the lightdark cycle, we performed stainings for macrophages, smooth muscle cells (SMCs), collagen, and T cells and quantified the content for all intermediate type III lesions, as they contain all of these lesion components. In addition, by selecting one lesion type we controlled for the difference in lesion severity between groups ( Figure 1E ). In particular mice of the LD-DL group showed an increase in lesional macrophage area (Figure 2A ,C), while SMC area was not affected by shifts in light-dark cycle (Figure 2A ,D). Although we did not observe | 5 of 12 SCHILPEROORT ET aL. significant differences in collagen between groups, the collagen area did show an inverse pattern compared to the macrophage area, in line with studies showing that macrophages produce inflammatory factors such as metalloproteinases (MMPs) that degrade collagen and other extracellular matrix components, 21 thereby reducing lesion stability. The number of Th and Tc cells within the atherosclerotic lesions was not affected by weekly alternating light-dark cycles ( Figure S5 ). Together, these data indicate that the aggravated atherosclerosis was driven by increased infiltration of monocytes in mice exposed to weekly light shifts.
To evaluate whether an increased monocyte infiltration could be the result of an increase in the number of circulating monocytes or other types of immune cells, we performed a second experiment in which mice exposed to either LD or LD-DL were killed throughout the 3rd day in week 10 of the light intervention. Week 10 (instead of 15) was selected for these measurements as monocyte recruitment plays an important role particularly in early atherosclerosis development. 22 Cosinor analysis revealed pronounced shifts in the oscillation of circulating leukocytes in LD-DL mice, as defined by a difference in acrophase (circadian peak) between LD and LD-DL mice ( Figure S6 ). However, there was no effect on the total circulating amount of monocytes ( Figure S6A -C), Th cells ( Figure S6D ), Tc cells ( Figure S6E ), or B cells ( Figure  S6F ). Also, we did not observe effects of the light intervention on the total amount of unfasted plasma cholesterol over a 24-hours period ( Figure S7 ). We further evaluated monocyte subsets and activation status at ZT0 and ZT12. These time points were selected as recent studies demonstrated a peak in leukocyte recruitment and migration into atherosclerotic lesions during the transition from the active phase (ZT12-24) to the resting phase (ZT0-12). 23, 24 Furthermore, we observed identical monocyte numbers at ZT0 and ZT12 ( Figure  S6A -C), while T-cell numbers were increased at ZT0 in LD-DL mice ( Figure S6D ,E), which could affect polarization and activation of monocytes. While monocyte precursors within the bone marrow did show a more pro-inflammatory phenotype (ie, more classical [Ly6C high ] and intermediate monocytes [Ly6C int ], and less nonclassical monocytes [Ly6C low ]) in the LD-DL groups ( Figure 3A) , within the circulation we only observed a minor increase in intermediate monocytes ( Figure 3B ). To determine whether these monocytes could be more active, we measured surface expression of activity markers CD18 (integrin β2), CD11a (integrin αL), and CD62L (L-selectin). These markers were unchanged in bone marrow of mice exposed to LD-DL compared with LD ( Figure 3C ), and CD62L was even slightly reduced in the circulation of these mice at ZT0 ( Figure 3D ). In line with this, ex vivo migration of PBMCs (consisting of lymphocytes and monocytes) was not increased after 10 weeks of alternating light-dark cycles ( Figure 3E ).
| Weekly light shifts result in a more
pro-inflammatory vessel wall with increased expression of the chemokine CCL2
As the monocytes themselves did not seem to have an increased migratory capacity, we evaluated whether changes in the vessel wall could be underlying the increased monocyte infiltration and macrophage content within the atherosclerotic lesions. To this end, we examined gene expression of markers for inflammation ( Figure 4A-D) , oxidative stress ( Figure 4E-L) , and leukocyte recruitment ( Figure 4M -P) within the aortic vessel wall of mice exposed to either LD or LD-DL for 10 weeks. At this moment, lesion development is still in an early stage, but the expression of inflammatory markers Tnfa (Figure 4A ), F4/80 ( Figure 4C ), and iNos ( Figure 4D ) was increased at ZT0 in LD-DL mice. Additionally, expression of the oxidative stress genes Sod1 ( Figure 4E ), Gpx1 ( Figure 4F ), Nrf2 ( Figure 4G ), Nfkb1 ( Figure 4I ), Hif1a ( Figure 4J ), Nox2 ( Figure 4K ), and Nox4 ( Figure 4L ) was increased at ZT0, while Nrf2 and Nox4 expression was decreased at ZT12. Expression of the leukocyte adhesion molecules Icam1 ( Figure 4M ), Vcam1 ( Figure  4N ), and the chemoattractant receptor Ccr2 ( Figure 4P ) was increased at ZT0, although Vcam1 was similarly decreased at ZT12.
These gene expression results point toward a more inflamed and chemotactic phenotype of the vessel wall in mice exposed to shifts in light-dark cycle. However, the observed gene expression effects could also have resulted from a shift in acrophase. Therefore, we aimed to substantiate these findings by evaluating protein expression specifically within atherosclerotic lesions after 15 weeks of intervention and performing correlation analyses with lesional macrophages. Immunofluorescent double-staining for ICAM-1 and CCL2 ( Figure 5A ) revealed a nonsignificant increase in ICAM-1 area of type III lesions in LD-DL mice compared with LD mice ( Figure 5B ). Specifically within the LD-DL group, the amount of ICAM-1 correlated positively with the macrophage content of the lesions ( Figure 5C ), consistent with the function of ICAM-1 to facilitate leukocyte adhesion to the endothelium. CCL2, a chemokine that recruits monocytes to sites of endothelial injury by promoting endothelial transmigration, was markedly increased in type III lesions of LD-DL mice ( Figure  5D ) and correlated strongly to the total lesion macrophage area within the LD-DL group ( Figure 5E ). The presence of 4-hydroxynonenal (4-HNE), a product of lipid peroxidation and biomarker of oxidative stress, was evaluated through immunohistochemical staining ( Figure 5F) . Consistent with the observed increase in oxidative stress genes, 4-HNE area was markedly higher in LD-DL mice as compared to LD mice ( Figure 5G ).
| DISCUSSION
In this study, we aimed to investigate whether mistimed light exposure has an effect on atherosclerosis development. We subjected APOE*3-Leiden.CETP mice to weekly shifts in light-dark cycle and observed a striking increase in atherosclerosis development. A complete reversal of the light and dark cycle (12 hours shifts) resulted in the strongest lesion progression, with an approximately twofold increase in atherosclerotic lesion size and severity. This demonstrates a causal relationship between mistimed light exposure and atherosclerosis.
In addition to mice subjected to 12 hours shifts in the light-dark cycle, we studied mice that were subjected to 6 hours phase advances and 6 hours phase delays. We investigated these different light schedules as previous studies have shown that mice have more trouble adjusting to phase advances compared with phase delays, 25, 26 resulting in a longer F I G U R E 2 Weekly light shifts increase lesion macrophage content. APOE*3-Leiden.CETP mice were exposed to either regular light-dark cycles (LD), weekly alternating light-dark cycles (12 h shifts; LD-DL), weekly 6 h phase advances (Advance), or weekly 6 h phase delays (Delay) (n = 15/group). After 15 wk, mice were sacrificed, and hearts were isolated and sectioned. Slides of the valve area of the aortic root were doublestained for (A) macrophages (MAC-3; stained green) and smooth muscle cells (SMCs, actin; stained brown), and stained for (B) collagen with Sirius Red. The area of (C) macrophages, (D) SMCs, and (E) collagen of type III lesions was measured. Data represent means ± SEM. *P < .05 and ***P < .001 compared with the LD control group, according to one-way ANOVA | 7 of 12 SCHILPEROORT ET aL. period of rhythm disturbance. However, we did not observe significant differences in adaptation between phase advances and phase delays, nor did these phase shifts result in a significant increase in atherosclerosis.
As most metabolic processes have a strong circadian rhythm, and circadian disruption results in metabolic alterations, 27 we hypothesized that shifts in light-dark cycle could aggravate atherosclerosis by dysregulating lipid metabolism. However, we did not observe any metabolic changes, which could explain such a large increase in atherosclerosis in mice exposed to light shifts. There have been previous studies investigating effects of shifts in light-dark cycle on metabolic parameters in rodents, 28 Some of these studies report an increased body weight in animals exposed to shifts in light-dark cycle, 29, 30 while others report no effect, 31,32 similar to our study. Of note, those studies mainly focused on glucose metabolism, while effects of rhythm disruption by shifts in light-dark cycle on lipid metabolism have not been well-studied. Nevertheless, in our study we did not find an indication that circadian disruption by alternating light-dark cycles could affect lipid metabolism. As the immune system is another main contributor of CVD, which is strongly regulated by the circadian clock, 15, 17 we next focused on characterizing the inflammatory status of our mice. A recent study showed that circadian disruption by sleep fragmentation accelerates atherosclerosis development by increasing the number of circulating monocytes. 33 However, in our study, there was no effect of circadian disruption by alternating light-dark cycles on the total number of circulating immune cells throughout the day. Mice exposed to alternating light-dark cycles did show shifts in oscillatory immune cell profiles (ie, of monocytes, T cells, and B cells). Potentially, mismatches between the oscillating leukocytes and the circadian environment could result in an altered immune cell function. Additionally, monocyte precursors within the bone marrow of these mice showed a more pro-inflammatory phenotype, indicating that the myeloid immune system is becoming activated. Although this likely did not affect atherosclerosis development in our study as these changes in bone marrow were not yet accompanied by increased activation of circulating monocytes, it does suggest that a longer duration of light-dark shifts could result in systemic myeloid activation and inflammation.
Furthermore, mice exposed to alternating light-dark cycles showed an increase in vascular inflammation and oxidative stress. This could simply reflect the increased number of inflammatory cells within vessel wall, supported by increased expression of the macrophage marker F4/80. Nevertheless, this raises the question of how these cells have accumulated F I G U R E 3 Weekly alternating light-dark cycles do not increase monocyte activation or migration. APOE*3-Leiden.CETP mice were exposed to either regular light-dark cycles (LD) or weekly alternating light-dark cycles (12 h shifts; LD-DL) (n = 18/group) for 10 wk, after which they were sacrificed at either ZT0 or ZT12 (n = 9 per timepoint/group). Flow cytometry was used to analyze monocyte subsets (ie, classical 
F I G U R E 4
Weekly alternating light-dark cycles increase gene expression of markers of inflammation, oxidative stress, and leukocyte recruitment within the aortic vessel wall. APOE*3-Leiden.CETP mice were exposed to either regular light-dark cycles (LD) or weekly alternating light-dark cycles (12 h shifts; LD-DL) (n = 18/group) for 10 wk, after which they were sacrificed at either ZT0 or ZT12 (n = 9 per timepoint/ group). Aortas were isolated, and gene expression of markers of (A-D) inflammation, (E-L) oxidative stress, and (M-P) leukocyte recruitment was measured by qRT-PCR. Data represent means ± SEM. *P < .05, **P < .01, and ***P < .001 compared with the indicated control group, according to two-way ANOVA | 9 of 12 SCHILPEROORT ET aL.
F I G U R E 5
Weekly alternating light-dark cycles increase CCL2 expression within atherosclerotic lesions. APOE*3-Leiden.CETP mice were exposed to either regular light-dark cycles (LD) or weekly alternating light-dark cycles (12 h shifts; LD-DL) (n = 15/group) for 15 wk, after which mice were sacrificed, hearts were isolated, and a double-staining of ICAM-1 and CCL2 was performed on sections of the aortic root. within the vessel wall, particularly, as the monocytes did not show an increased migratory capacity ex vivo. It is likely that through disturbance of cell-extrinsic mediators of circadian rhythm (eg, glucocorticoid hormone or the sympathetic nervous system), alternating light-dark cycles disrupted the core molecular clock of endothelial cells. Subsequently, changes in components of the molecular clock can affect mediators of inflammation and oxidative stress. 34, 35 Our data show similar expression patterns of oxidative stress markers and Icam1 and Vcam1, in line with previous studies showing that pro-inflammatory cytokines can promote the expression of adhesion molecules such as ICAM-1 and VCAM-1 through induction of oxidative stress. 36, 37 However, we did not find the same circadian organization in the expression of inflammatory cytokines (ie, Tnfa and Il1b), making this explanation less likely. Instead, disturbance of the molecular biological clock in endothelial cells can directly result in increased ICAM-1 and VCAM-1 expression, which has been shown in vitro, 38 thereby promoting mononuclear cell adhesion to endothelial cells. This could result in the increased presence of monocytes in the vessel wall that notably expresses markers of inflammation and oxidative stress. Thus, expression of ICAM-1 and VCAM-1 may precede expression of inflammatory and oxidative stress genes.
Moreover, inflammation and oxidative stress have been shown to induce expression of CCL2, 39 a chemokine that actively recruits monocytes to sites of endothelial injury. Although we did not find a significant difference in Ccl2 gene expression in the aorta, we did observe increased CCL2 protein expression within atherosclerotic lesions of mice exposed to alternating light-dark cycles. The CCL2-CCR2 axis has been shown to play a major role in atherosclerosis. Genetic deletion of either CCL2 or CCR2 in both Apoe −/− and Ldlr −/− mice reduces the size of atherosclerotic lesions. [40] [41] [42] In line with this, CCL2 overexpression aggravates atherosclerosis in Apoe −/− mice, 43 and it has been suggested that CCL2 also drives disease progression in humans. 44 Recently, it was shown that CCL2 expression within the vessel wall is rhythmic and drives rhythmic homing of monocytes to atherosclerotic lesions. 24 Our results suggest that disturbing this rhythm could result in continuously high CCL2 expression within atherosclerotic lesions, increased monocyte migration, and atherosclerotic disease progression.
There have been previous studies examining a direct relationship between the biological clock and the atherosclerosis, by using male and female mice in which clock genes (ie, essential genes regulating the molecular biological clock) have been disrupted or augmented. Mutation of the Clock gene accelerates atherosclerosis in Apoe −/− and Ldlr −/− mice, 45 while overexpression of the Cry1 gene protects Apoe −/− mice from atherosclerosis development. 46 These mouse models show significant alterations in cholesterol metabolism and inflammatory state, both likely contributing to the observed phenotype. Furthermore, hematopoietic Rev-erbα knockdown increases atherosclerosis, 47 and stimulation of REV-ERB by agonist treatment reduces atherosclerosis in Ldlr −/− mice. 48 In both studies, no effect on plasma cholesterol was observed, but changes in atherosclerosis rather depended on modulation of immune function, similar to our study. Although these studies also demonstrate a direct relationship between circadian rhythm and CVD, the models used do not mimic human shift work. In our study, we disrupted circadian rhythm by exposing mice to chronically alternating light-dark cycles. This is a model of shift work, which has been used before to show an effect of rhythm disturbance on, for example, metabolic disease 49 and cancer. 30 In addition, we used APOE*3-Leiden. CETP mice, a transgenic mouse model with a more humanlike lipoprotein metabolism compared with the commonly used Apoe −/− and Ldlr −/− mice. 18, 50 In contrast to other mouse models of atherosclerosis, APOE*3-Leiden.CETP mice respond similarly to medications used to prevent CVD as compared to humans. [51] [52] [53] Thus, by selecting the current study setup and mouse model, we aimed to increase the translatability to the human shift work situation. It should be noted, however, that only female APOE*3-Leiden.CETP mice develop hypercholesterolemia and atherosclerosis upon feeding a cholesterol-rich diet. This is a limitation of the study as the immune response in atherosclerosis is differentially regulated in women and men. 54 As there are also sex differences in human circadian rhythm, 55 it would be very interesting for future studies to compare effects of rhythm disturbance on atherosclerosis development between males and females.
To conclude, we demonstrate for the first time that shifts in light-dark cycle directly contribute to atherosclerosis development. Mechanistically, we show that disruption of circadian rhythm results in dysfunctional endothelium, with increased expression of cytokines, chemokines, and adhesion molecules. These changes in the vascular wall likely lead to an increased migration of monocytes from the circulation into atherosclerotic lesions, thereby increasing lesion macrophage content. These results demonstrate the detrimental effects of mistimed light exposure, as occurs in shift work, for the development of CVD. As the number of shift workers will not likely decrease in the future, novel strategies to improve circadian rhythm and vascular health in shift workers are of great importance.
